Ageing is due to an accumulation of various types of damage 1,2 , and mitochondrial dysfunction has long been considered to be important in this process [3] [4] [5] [6] [7] [8] . There is substantial sequence variation in mammalian mitochondrial DNA (mtDNA) 9 , and the high mutation rate is counteracted by different mechanisms that decrease maternal transmission of mutated mtDNA [10] [11] [12] [13] . Despite these protective mechanisms 14 , it is becoming increasingly clear that lowlevel mtDNA heteroplasmy is quite common and often inherited in humans 15, 16 . We designed a series of mouse mutants to investigate the extent to which inherited mtDNA mutations can contribute to ageing. Here we report that maternally transmitted mtDNA mutations can induce mild ageing phenotypes in mice with a wild-type nuclear genome. Furthermore, maternally transmitted mtDNA mutations lead to anticipation of reduced fertility in mice that are heterozygous for the mtDNA mutator allele (PolgA wt/mut ) and aggravate premature ageing phenotypes in mtDNA mutator mice (PolgA mut/mut ). Unexpectedly, a combination of maternally transmitted and somatic mtDNA mutations also leads to stochastic brain malformations. Our findings show that a pre-existing mutation load will not only allow somatic mutagenesis to create a critically high total mtDNA mutation load sooner but will also increase clonal expansion of mtDNA mutations 17 to enhance the normally occurring mosaic respiratory chain deficiency in ageing tissues 18, 19 . Our findings suggest that maternally transmitted mtDNA mutations may have a similar role in aggravating aspects of normal human ageing.
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We generated a series of inbred mutant mice ( Fig. 1a-c) to study the role of mtDNA mutations in ageing, taking into account that PolgA wt/mut mice transmit low levels of mtDNA mutations through the germ line 20 . A standard intercross of PolgA wt/mut mice ( Fig. 1a ) was used to generate: type I mice (mice with a wild-type nuclear genome (wt N ) containing maternally transmitted mtDNA mutations); type II mice (PolgA wt/mut mice containing maternally transmitted mtDNA mutations); and type III mice (PolgA mut/mut mice 21, 22 containing maternally transmitted mtDNA mutations). In addition, we crossed PolgA wt/mut males to wild-type females ( Fig. 1b ) to generate: type IV mice (wt N mice lacking maternally transmitted mtDNA mutations) and type V mice (PolgA wt/mut mice lacking maternally transmitted mtDNA mutations). Finally, we crossed PolgA wt/mut males with females that have a heterozygous knockout for the catalytic subunit of mitochondrial DNA polymerase 23 (PolgA wt/KO ) ( Fig. 1c ) to generate type VI mice (a variant of mtDNA mutator mice (genotype PolgA KO/mut ) lacking maternally transmitted mtDNA mutations). Next, we quantitatively assessed mtDNA mutation loads and found that type I-III mice contained an excess of recurring mtDNA mutations (P , 0.0001, Fisher's exact test) ( Supplementary  Fig. 1a, b and Supplementary Table 1 ) undergoing clonal expansion (Supplementary Table 2 ). The PCR, cloning and sequencing protocol has, on theoretical grounds, been criticized for artificially inducing mtDNA mutations 24, 25 . We therefore used an independent method, l-phage cloning of full-length mtDNA 20 , to analyse type I, II, III and V mice and found that the mtDNA mutation levels were very similar with both methods ( Supplementary Fig. 1a , c and Supplementary Table 1 ), demonstrating that confounding artificial mutations are not induced by the PCR, cloning and sequencing protocol. Continuous intercrosses of PolgA wt/mut animals to generate PolgA mut/mut mice ( Fig. 1a ) produce low litter sizes ( Fig. 2a , black bar), a low total number of litters per female ( Fig. 2b , black bar) and less than Mendelian proportions of mtDNA mutator mice ( Fig. 2c , black bar). We reintroduced wild-type mtDNA into PolgA wt/mut females and a subsequent intercross gave larger litter sizes ( Fig. 2a, red bar) , a higher number of litters per female ( Fig. 2b , red bar) and a high proportion of born PolgA mut/mut mice ( Fig. 2c , red bar). The reciprocal experiment, wherein wild-type males were crossed with PolgA wt/mut females to obtain PolgA wt/mut animals for subsequent intercrossing showed no improvement of fertility phenotypes ( Fig. 2a -c, grey bars). Next, we decided to continue intercrossing PolgA wt/mut animals for several generations without additional re-introductions of wild-type mtDNA and found a continuous decline of litter sizes ( Fig. 2d , red line), number of litters per female ( Fig. 2e , red line) and the proportion of PolgA mut/mut mice born ( Fig. 2f , red line). The reciprocal experiment wherein wild-type males were crossed with PolgA wt/mut females to obtain PolgA wt/mut animals for subsequent intercrossing did not modify the markedly impaired fecundity ( Fig. 2d -f, grey lines). Ongoing mtDNA mutagenesis in the maternal germ line thus causes anticipation of fecundity phenotypes and this deterioration can be reversed by the introduction of wild-type mtDNA into females.
We proceeded to study the extent to which a burst of mutagenesis in the maternal germ line would result in mtDNA mutation transmission to subsequent generations. To this end, we bred PolgA wt/mut females with re-introduced wild-type mtDNA (n 5 8) to wild-type males (Supplementary Fig. 2a ) and followed segregation of mutated mtDNA in wt N maternal lineages (n 5 13). Sequencing showed that heteroplasmic mtDNA mutations were present in all wt N mice in backcross generations 2-8 (n 5 387 individuals). In total, 192 different clonally expanded mtDNA mutations were identified ( Supplementary Fig. 2b ).
Next, we generated three different types of wt N mice: wt N -1 (wt N mice obtained from a standard PolgA wt/mut intercross (Fig. 1a) ), wt N -2 (wt N mice obtained from a PolgA wt/mut intercross in which the female contains re-introduced mtDNA (Fig. 1b) ) and wt N -3 (wt N mice obtained from a PolgA wt/mut intercross in which the male contains reintroduced mtDNA). The wt N -1 mice had significantly lower body weight than wt N -2 mice ( Fig. 3a) , whereas there was a similar reduction in body weight in wt N -1 and wt N -3 mice ( Supplementary Fig. 3a ). The body weights of wt N -2 mice decreased as crosses were continued without re-introduction of wild-type mtDNA ( Fig. 3a) . At 65 weeks of age, wt N -1 mice showed a significant ageing-associated phenotype (mean score 5 2.5; s.d. 5 1.8), whereas wt N -2 mice demonstrated virtually no such phenotypes (mean score 5 0.16, s.d. 5 0.2, P 5 0.008) (Fig. 3b) . The score increased in successive generations of wt N -2 mice ( Fig. 3b ) and was increased to a similar extent in wt N -1 and wt N -3 mice (Supplementary Fig. 3b ). We also analysed behaviour and found that spontaneous rearing was higher in wt N -2 than in wt N -1 mice (P 5 0.03) and that it decreased in successive generations of wt N -2 mice (P 5 0.003) ( Supplementary Fig. 3c ). There was no difference in rearing between wt N -1 and wt N -3 mice ( Supplementary Fig. 3d ), whereas we found impaired rearing in 2-year-old wt N -1 mice in comparison with 2.3year-old C57BL/6N mice (P 5 0.009) ( Supplementary Fig. 3e ). These results prompted us to analyse mtDNA mutation levels and we found that the total mutation loads and the proportion of recurring mutations increased in wt N -2 animals between intercross generations F 1 and F 4 (Fig. 3c, d and Supplementary Table 1 ).
We observed that PolgA mut/mut mice derived from the standard breeding had a mean lifespan of 42.7 weeks (n 5 19) ( Fig. 3e , black line) as previously reported 21 , whereas PolgA mut/mut mice, whose PolgA wt/mut mothers lacked maternally transmitted mtDNA mutations, had a mean lifespan of 50.2 weeks (n 5 26) ( Fig. 3e , red line). This increase in lifespan was statistically significant (P , 0.0001) and was completely reversed in PolgA mut/mut mice born to PolgA wt/mut mothers maintained by intercrossing for several generations after re-introduction of wildtype mtDNA (mean lifespan ,43.5 weeks, n 5 13) ( Fig. 3e , grey line).
Detailed phenotyping was performed for mtDNA mutator mice of type III and VI at age ,35 weeks and revealed a comparable reduction in body mass ( Supplementary Fig. 4a ). The reduction in haemoglobin concentration ( Supplementary Fig. 4b ), the reduction in erythrocyte count ( Supplementary Fig. 4c ) and the degree of compensatory splenomegaly ( Supplementary Fig. 4d ) were almost identical, indicating a similar reduction of haematopoietic stem cell capacity in both types of mice. The ratio of heart weight to body weight was increased in both mouse types (P , 0.0001, analysis of variance (ANOVA)) ( Fig. 3f) , consistent with cardiomyopathy development 21 . However, the hearts from type III mice were more enlarged than those from type VI mice ( Fig. 3f ; P 5 0.023, two-tailed t-test, Welch's correction). Consistently, the complex IV (cytochrome c oxidase (COX)) activity was reduced in type III, but not type VI, mice (Fig. 3g ). Clonally expanded mtDNA mutations 
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typically create a mosaic pattern of respiratory-chain-deficient cells in the colons of mice and humans 26, 27 and such COX-deficient colonic crypts were abundant in both type III and VI mice ( Fig. 3h and Supplementary Fig. 4e ). However, the proportion of COX-deficient colonic crypts was significantly higher in type III than type VI mice ( Fig. 3h) , indicating increased levels of clonally expanded mtDNA mutations. We assessed male fertility and found that type III mice were sterile (Fig. 3i) , as previously reported 21 , whereas type VI males were fertile and could produce offspring, albeit with reduced litter sizes (mean 5 4.3 6 2.2) in comparison to controls (7.2 6 2.6 pups per litter) (Fig. 3i) . These findings show that the ongoing massive somatic mutagenesis of mtDNA is sufficient on its own to drive the haematological stem cell phenotype [28] [29] [30] , whereas maternally transmitted mtDNA mutations contribute to phenotypes in other rapidly proliferating tissues, such as testis and colon, and in postmitotic tissues, such as heart, of mtDNA mutator mice 21, 22 . Unexpectedly, when performing magnetic resonance imaging (MRI) studies of ageing phenotypes, we found a gross brain malformation in an mtDNA mutator mouse (Fig. 4a) , which, on subsequent histology, was shown to be due to mosaic subcortical and striatal perturbations, as well as malformations affecting both the right and left hippocampus (Fig. 4b ). Succinate dehydrogenase enzyme histochemistry of the same brain revealed areas of increased activity (Fig. 4c ), suggesting increased cell density and/or compensatory mitochondrial biogenesis. On the Figure 3 | Premature ageing phenotypes in mice with a wild-type nuclear genome and in mtDNA mutator mice. a, Body weight at ,65 weeks in wt N -1 (n 5 6) and wt N -2 mice (F 1 , n 5 13; F 3 , n 5 5; F . 8, n 5 10). b, Phenotypic ageing score at ,65 weeks in wt N -1 and wt N -2 mice, Kruskal-Wallis or Mann-Whitney, post-hoc significances displayed. c, mtDNA mutation load comparisons of wt N -2 F 1 (n 5 6 animals) and F 4 (n 5 3 animals). d, Proportions of unique and repeated mtDNA mutations of wt N -2 animals from F 1 and F 4 . Levels of clonally expanded point mutations increase from F 1 to F 4 . e, Lifespan of PolgA mut/mut mice obtained from standard intercrosses of PolgA wt/mut mice (black line, n 5 19), intercrosses of PolgA wt/mut mice after re-introduction of wild-type mtDNA into females (red line, n 5 26) and intercrosses of PolgA wt/mut mice obtained after crossing wild-type males to PolgA wt/mut females (grey line, n 5 13). Mantel-Cox test. f, The ratio of heart to body weight in 35-week-old wild-type mice (WT, n 5 10), type III mice (n 5 9) and type VI mice (n 5 9). t-tests with Welch's correction. g, Respiratory chain function in heart at 35 weeks of age from wild-type mice (n 5 5), type III mice (n 5 5) and type VI mice (n 5 5). Relative enzyme activities of citrate synthase (CS), succinate dehydrogenase (CII), NADH dehydrogenase (CI) and COX (CIV). Two-tailed, unpaired t-tests. h, Proportion of COX-deficient colonic crypts at 35 weeks in type III and type VI mice. No COX deficiency was present in age-matched controls (n 5 5 per genotype). i, Mean litter size after mating wild-type females to type III males (n 5 8 matings) or to type VI males (n 5 8 matings). The average litter size of wild-type mice is shown (black bar). One-way ANOVA (a, b), unpaired two-tailed t-test (c, f, g), Fisher's exact 
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basis of this observation, we performed a systematic study of brain morphology in mtDNA mutator mice from the standard breeding (type III mice). Microscopic, and occasionally also macroscopic, brain malformations were observed in ,32% of the mtDNA mutator mice (n 5 13 of 41 mice), but not in wild-type mice (n 5 0 of 46 mice) at ages 7-46 weeks. Brain malformations were equally common in both sexes (41.5% female and 58.5% male) and most malformations were focal (69%) and manifested as different forms of brain asymmetries (Fig. 4a-c) . Some mtDNA mutator mice (n 5 4) had widespread bilateral brain malformations, which included cortical and hippocampal lamination disturbances (Fig. 4d-f ), hypertrophic/hyperplastic changes in hippocampus and cerebral cortex and hyperplasia in cerebellum. Brain malformations were not observed in type I or II mice, despite the fact that they contain maternally transmitted mtDNA mutations, or in mtDNA mutator mice (n 5 11) born to PolgA wt/mut mothers with re-introduced wild-type mtDNA. These findings strongly suggest that a dual hitthat is, the presence of maternally inherited mtDNA mutations in combination with massive somatic mutagenesis of mtDNA-is required for brain malformations to occur. Our findings show that maternally transmitted mtDNA mutations provide a baseline mutation load upon which somatic mutagenesis will act. We show that low levels of germline-transmitted mtDNA mutations per se can have life-long consequences and cause premature ageing. We also show that germline-transmitted mtDNA mutations constitute a risk factor that may lead to developmental disturbances if combined with increased somatic mutagenesis of mtDNA. These findings suggest that inherited human mtDNA sequence variation and low-level heteroplasmy combined with somatic mtDNA mutagenesis may have an additive effect in creating phenotypes relevant for human pathology and ageing.
METHODS SUMMARY
Mice expressing the exonuclease-deficient mtDNA polymerase gamma were maintained on the inbred C57BL/6NCrl background. The study was performed in strict accordance with guidelines of the Federation of the European Laboratory Animal Science Association. Protocols were approved by the Landesamt für Natur, Umwelt und Verbraucherschutz, Nordrhein-Westfalen, Germany, and the animal welfare ethics committee in Sweden. Complete mtDNA sequencing was carried out as described 11 , with a modified primer set ( Supplementary Table 3 ). Mutation loads were analysed by the cloning of mtDNA fragments amplified with a high-fidelity polymerase, and individual clones were sequenced. Data were filtered against nuclear pseudogene sequences of mitochondrial origin. The data were confirmed by direct sequencing of l-phage-cloned complete mtDNAs, and clonal expansion was confirmed by quantitative restriction fragment length polymorphism (RFLP)-PCR analyses. Blood analyses were performed by Laboklin GmbH & Co. KG. Clonal expansion analysis of mouse colonic tissues was performed as described 26, 27 . Brain morphology was analysed by MRI with a BioSpec Avance 47/40 (Bruker) or by histochemistry of brain sections stained with either cresyl violet or haematoxylin and eosin.
